In order to overcome the shortcomings of time-consuming and inefficient manual detection methods of fabric density, a fast and efficient automatic detection method of fabric density based on the digital grating is proposed. In order to realize automatic fabric density detection, the design method of the digital grating with gradual constant is described in detail on the basis of the principle of moiré pattern. The moiré pattern containing yarn density information of the fabric can be obtained by superimposing the captured fabric image and the digital grating image. After the moiré pattern is projected, the fabric density can be accurately determined by analyzing the distribution characteristics of projection curve. In the detection process, a digital grating image generated by computer is used to replace the physical grating, which not only makes the detection faster, but also make the system applicable for the fabric density detection of all kinds of specifications. Testing experiments were carried out on various fabric samples including fabrics in a plain weave and in a twill weave, the detection accuracy is more than 99.2% and the detection speed is much faster than the existing methods, which can meet the requirements of on-line detection in fabric production.
I. INTRODUCTION
The textile industry plays an important role in economic development across the world. With the development of society and living standards, people's requirements for the quality of textile are getting higher and higher. Textile and fabrics are no longer a simple tool for covering the body and keeping warm, but a symbol of the quality of life and a way to pursue fashion. High quality fabrics have strict request on warp and weft density, which makes the yarn density become a significant evaluation index for fabric quality [1] , [2] . Moreover, due to the development of wireless body sensor networks and electro-textiles in recent years, higher requirements for fabric density have been put forward [3] , [4] . Traditional detection method of fabric density relies mainly on manual operations [5] . With the help of a variety of small magnifiers, often called thread counters, people count the number of The associate editor coordinating the review of this manuscript and approving it for publication was Gustavo Callico . warp or weft threads per inch or cm in a fabric to obtain the warp and weft density of the fabric [6] , [7] . However, the traditional method requires inspectors' high concentration and patience. Inspectors' fatigue and slackness caused by prolonged testing may result in detection errors [8] . In the face of high-volume and high-quality fabric production, the traditional manual detection methods have been more and more difficult to meet the requirements of rapid and accurate fabric quality inspection. Hence, there is a strong need for fast, stable, convenient, and highly reliable measuring methods that can be substituted for traditional fabric density detection techniques.
Since the general woven fabric is made by yarns interwoven according to certain rules, the warp and the weft yarns are strictly in vertical and horizontal direction under ideal conditions. This weaving characteristic of fabrics determines that the fabric image has a periodically varying grayscale distribution in some particular directions. Especially, the difference in grayscale between different patterns is significant, which will VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ make it possible for the automatic detection method combining computer vision and image processing method to be used in density detection [9] . Using optical detection technology and image processing instead of manual detection can avoid human errors such as the fatigue caused by working too long, and can also improve the efficiency and accuracy of fabric density detection. The current automatic detection methods of fabric density are mainly divided into two categories: one is the detection method based on spatial-domain [10] . Namely, the body and gap of yarns are determined by image projection with the aid of the grayscale distribution of yarn pixels in the gray image of fabric. In 2004 and 2005, Kuo CF J and Jeong YJ obtained the grayscale projection curve of the fabric image in the warp and weft direction. And then according to the number and the position of peaks and troughs in the curve, the warp and weft yarns are separated for calculating the yarn density [11] , [12] . Zhang et al. used a projection method to measure the weft yarns and wale densities of twill and satin fabrics, and then calculated the warp density based on the density-texture relationship of twill and satin weaves [13] .
The warp yarn density of high-tightness woven fabrics could be calculated robustly and precisely. In the above methods, the warp and weft yarns of woven fabrics must be parallel to the borders of the sample image. For skew fabrics, the Hough transform can be used to detect the skew angle, and then the gray line-profile is calculated along the skew direction. Thus, the yarn intervals can be located from the detected peaks of the line-profiles, and the yarn density can be measured easily [6] , [14] . As another example, Lin J proposed to detect fabric density based on gray level co-occurrence matrix [15] . Different gray level co-occurrence matrices constructed according to the fabric image information are calculated for their eigenvalues and periodicity, which produces the density parameters of the fabric finally. However, this method is only applicable to plain weave fabrics and lacks the accuracy on twill and satin fabrics. The other category is the detection method based on frequency-domain [10] . Aiming at the characteristics of periodic arrangement of yarns in the fabric, Fourier transform or wavelet transform is used to detect the fabric density after image preprocessing in this method [16] , [17] . For example, Malek et al. applied the twodimensional fast Fourier transform (FFT) to woven fabrics and linked the typology of the obtained spectrum to the fabric characteristics in a particular pattern and yarn densities [18] . In order to detect fabric density more accurately, Pan et al.
proposed to use Fourier transform techniques to reconstruct woven fabric images containing only weft or warp yarns, which make it easier to count the number of yarns [19] ; Pan et al. determined the densities of weft yarns and wale by reconstructing the fabric image with Fourier transform techniques, and calculated the density of warp yarn using a similar formulation [20] . Similarly, the method of wavelet transform has been used to reconstruct the woven fabric image to detect the density of woven fabrics automatically [21] , [22] . The method of using a gray line-profile along single columns and rows of a woven fabric image was proposed by Jeong and Jang to measure yarn density [12] . In addition, some learningbased automated detection methods are also used in fabric detection which has high adaptability and stability after a long period of deep learning [23] - [25] . Obviously, the above methods are mainly applied to static sampling detection. Those methods seem to be robust and precise, but the computational time of the proposed framework limits its real-time performance. In 2015, Schneider and Merhof proposed an on-loom measurement system to detect the yarn density during production, which can be used to ensure the quality of woven fabrics [26] . The idea is based on a yarn-tracking algorithm which determines the trajectory of single yarns within fabric images and measures pixel wise distances between them. However the proposed method cannot overcome the limitations to no patterned materials, and the robustness of which needs to be further improved.
The focus of this paper is to describe an innovative detection method of fabric density based on the virtual grating with gradual constant. When two gratings with similar grating constant superpose each other, their grating lines intersect together. As a result, a special moiré pattern shows out. According to the principle of moiré pattern, the grating constant of one grating can be gained from the other one's [27] . Analogously, the parallel yarns of the fabric, which can be seen as grating lines, can also interfere with grating and result in a moiré pattern to indicate the fabric density. Given the situation above, an automatic fabric density detection method based on grating is developed.
To present the aforementioned achievements, Section II presents the principle of the virtual grating with gradual constant and the detection method of fabric density based on it. Section III briefly discusses the detection device and the experimental method for fabric density detection using generated grating. In Section IV, the experimental samples and experimental data are shown in detail. All the experimental results are presented, compared, and discussed. Lastly, in Section V, a conclusion for the design method of fabric density sensor based on the virtual grating and an outlook for future work are given.
II. PRINCIPLE OF FABRIC DENSITY DETECTION BASED ON VIRTUAL GRATING
Grating can be described as a reflecting or transparent optical component on which there is a series of closely spaced grooves. There are two crucial effects of grating including diffraction and shading. The diffraction effect can be explained by the Huygens-Fresnel principle [28] . When the light goes through a slit or aperture which is comparable in size with its wavelength, such as the grating gaps, it will produce a complex pattern of varying intensity. The shading effect can be described as large-scale interference produced by the superposition of two transparent objects with similar opaque patterns [29] . Since the spacing between fabric yarns and grating lines are obviously larger than the wavelength of visible light, the diffraction effect is so small that it can be ignored in this paper. Hence, only the shading effect of grating is considered in our work. When two gratings superpose each other, it can be simplified as two sets of lines overlapping together. Due to the shading effect, there will be a regular moiré pattern with bright and dark fringes [30] . The same thing happens when a grating is put on a piece of fabric in the same direction as the fabric yarns because the warp or weft yarns of fabric are a group of fine parallel equally spaced lines which can be also perceived as a grating. As a result, a special moiré pattern appears in the overlap of the grating and fabric. Based on this kind of moiré pattern, an innovative detection method for fabric density is proposed.
A. MOIRÉ Pattern
To better understand the application of grating to fabric density detection, the principle of grating producing moiré fringes is introduced firstly. As shown in Fig.1(a) , there is a set of lines spaced 1/4 inch apart on the left and a set of lines spaced 1/6 inch apart on the right, the two of which overlap together in the middle. The more the left and right lines superpose, the more the white background reveals in the middle pattern. In the region where they overlap completely, only a single line can be seen which means the white background reveals the most. While in the region where they overlap the least, the white background reveals the least. And the same overlap pattern appears periodically [31] .
From a distance, the regions where the two sets of lines overlap completely can be seen as light fringes, while the regions where they overlap the least can be seen as dark fringes. In a general way, the distances between both the lines of grating and the yarns of fabric are much smaller, which means the lines are much more dense and the pattern of light and dark fringes is much more obvious, seen in Fig.1(b) .
The distance between two adjacent light fringes, equal to that between two adjacent dark fringes, is the period of the moiré fringe. If the spacing of the two sets of lines is s and s' (inch) respectively as shown in Fig.1(a) , the period T (inch) have the following relationship with s and s' for some integer m.
In Fig.1 (a) , for instance, s = 1/4, s' = 1/6, m = 2,
The integer m can be solved according to the (1):
This is the case where s > s'. To include the case where s < s', (2) is rewritten into:
Substitute m into (1), we have
Therefore, obviously shown as (4), the closer s and s' are, the larger T is. In other words, when the difference of the spacing of the two sets of lines gets smaller, the distance between two adjacent light fringes or dark fringes becomes wider. In extreme cases, if the difference between the spacing of the two sets of lines approaches zero, namely when s equals s', T will be infinite, which means that there will be only one single light or dark fringe.
B. DETECTING FABRIC DENSITY WITH VIRTUAL GRATING
In order to quickly and accurately detect the fabric density, this paper does not use the physical grating to perform the detection, but proposes a concept of virtual grating. The virtual grating is actually a digital image representing the grating line drawn by a computer before the detection process. Firstly, according to the relevant parameters of the tested object, such as the average distance between the fabric yarns, the maximum offset and the size of the fabric image, etc., the computer plots the virtual grating image and saves it in the computer. In the detection process, the fabric image acquired by the image sensor is superimposed with the virtual grating image. Then the obtained moiré pattern is projected. And the fabric density can be accurately obtained according to the characteristics of the projection curve.
In this paper, the proposed virtual grating is designed as a virtual grating with gradual constant to meet the actual detection needs. It is composed of a large number of lines converged from one end to the other. The grating constant of this virtual grating gradually changed from one end to the other. In spite of that, at every position along the abscissa, the spacing of grating lines is the same in vertical direction, which means the grating lines can still be seen as parallel equidistant lines in each tiny limited range. When this kind of grating overlaps with the warp or weft yarns of fabric, we can still view it as the situation of two sets of lines mentioned in Section II.
Since the virtual grating is one with linearly increasing grid constant, there must be somewhere in this ''interference field'', a zone where there is complete harmony of both grating constant and the spacing of fabric yarns: this is the center point of the clearly forming ''interference pattern'' where the opening width of the moiré lines distinctly increased in the direction of the interference center. By locating the center point, it can indicate the density value of the grating at this point and therefore the required density value of the sample as a whole. Fig.2 shows (a) the image of fabric yarns tested, (c) the image of the virtual grating with gradual constant and (b) the moiré pattern produced by superposition of the two of them. Assuming that the spacing of grating lines is S 0 at the left end and S n at the right end, the spacing of grating lines gradually changes from S 0 to S n in the image of the virtual grating as seen in Fig.2 (c) . If the spacing S x of fabric yarns tested is between S 0 and S n , there will be some place on the grating where the spacing of grating lines is the same as that of fabric yarns, in which the centerline of the opening is marked by the red line and shows in Fig.2 (b) . As a consequence, the question of how to detect the fabric density becomes a question of how to accurately locate the centerline of the opening of the moiré pattern.
However, there is a little problem with the grating consisting of straight lines for automatic fabric density detection. Two kinds of gratings whose image size is M × N px are shown in Fig.3 for structural comparison. As shown in Fig.3 (a) , the density of the grating lines, namely the reciprocal of the spacing of grating lines, whose unit is TPI (threads per inch), is marked on the top of grating. The density scale gradually increases from left to right along the horizontal line. But the distribution of the density scale is not equidistant. It is evident that the closer to the right end, the denser the scale. This situation may cause certain difficulties in the intuition and speed of fabric density detection. It is preferable to generate another kind of grating which consists of curves instead of straight lines, seen in Fig.3 (b). Its principle of fabric density detection is the same as the one described above. The generation method of the curve grating and how to use it in fabric density detection are described in detail in the next paragraph.
C. GENERATION OF THE VIRTUAL GRATING
As mentioned above, the grating used in the fabric density detection is just a digital image, which is called the virtual grating with gradual constant. The superposition of the grating and the fabric also just happened on their images in our detection method. Considering the digital characteristics of the grating image, the virtual grating is very easy to draw in the computer and realize the change of relevant parameters according to the detection requirements.
To generate a virtual grating for fabric density detection, the range of grating constant must be chosen carefully according to the average yarn density and the maximum offset of the fabric detected. For example, if the average density of the tested fabric is denoted as f x , which can generally be given by the specifications of the tested fabrics, then the maximum offset of the fabric detected is denoted as dx, so the detection range of yarn density ought to be f 0 (= f x −dx) to f n (= f x +dx).
Only knowing the detection range of the fabric density is not enough for generating a virtual grating. It is also indispensable to know the image size which corresponds to the physical size of the fabric being tested on the basis of the calibration result lpx/in (that is, per inch in the physical size corresponding to lpx in image size). Assume that the image size of the fabric is a × b px, then the physical size is
Generating a virtual grating is to construct an image of the same size as the fabric image being tested, in which a series of curves on a single pair of x-y-axes is plotted. If the fabric density to be measured is the weft density, then the equation of the curves should be:
where x corresponds to the weft density whose unit is TPI; y corresponds to the ordinate in physical coordinate whose unit is inch.
In order to ensure that the grating and yarns of the fabric can be perfectly overlapped to generate a moiré pattern, the image size of the generated virtual grating need to be consistent with the image size of the tested fabric. Therefore the series of curves of the virtual grating should be plotted in image coordinate, which means y in (5) should be converted into pixel size y on the basis of the calibration result.
Substituting y into (5):
where y corresponds to the ordinate in image coordinate whose unit is px. The range of x is [f 0 , f n ] TPI, and the range of y is [0, a] px. In order to draw the digital grating in image coordinate, the weft density x in physical coordinate should be converted into pixel size x corresponding to image coordinate as well. In consequence, the abscissa of the grating b is divided into n parts which are marked with f 0 , f 2 , f 3 , . . . , f n TPI respectively. The spacing of adjacent scales is b/n px. Then the relationship between the density scale and the pixel coordinate x is:
According to (8) , x can be expressed by x .
Substituting x into (7):
where x corresponds to the abscissa in image coordinate whose unit is px; y corresponds to the ordinate in image coordinate, whose unit is px. The range of x is [0, b] px, and the range of y is [0, a] px. 
III. DETECTION DEVICE AND EXPERIMENTAL METHOD
After the generation of virtual grating in accordance with the fabric image, next thing is performing fabric density detection with the generated virtual grating. The detection work can be divided into the following parts. Firstly, the virtual grating whose grating constant is dependent on the requirements of detection object is generated by the computer system. Then, the fabric image to be tested is captured by the image acquisition system and preprocessed. Lastly, by superimposing the grating image and the fabric image to generate the moiré pattern, the fabric density is obtained by locating the centerline of the opening of the moiré pattern.
A. CONFIGURATION OF THE FABRIC DENSITY DETECTION SYSTEM
To test the applicability and effect of the detection method proposed in the paper, a suit of experimental device is constructed as shown in Fig.5 . The experimental device is mainly composed of a fabric conveyor system, an image acquisition system and a computer system. The conveyor system consists of a slideway, a drive motor (YAKOTEC AC SERVO MOTOR ASMD-06-0430B-A321 Pn 0.4KW, Nn 3000r/min, Max rev. 4000r/min) and its controller (YAKOTEC AC SERVO DRIVER AS1-04BAI 0.40KW) and a plate with background light source. The slideway driven by motor is used for conveying the fabric smoothly to the right place for the fabric images acquisition. The backlight source is used to provide backlight for obtaining the surface image of fabric clearly.
In the image acquisition system, there are two light sources, a CMOS camera (Basler acA2440-20gm 2/3''CMOS 5MP) and a lens (COMPUTAR M0814-MP2 2/3'' 8mm f1.4). In order to get brilliant clear fabric images, two light sources are used to provide light from both sides above the conveyor system symmetrically. The CMOS camera and the lens are placed right above the conveyor system to capture fabric images.
The computer system includes an industrial control computer (ADVANTECH ARK-5260 Intel Atom D510) and a display (DELL E2216H 21.5 inch). Connected with the conveyor system and the image acquisition system, the computer system is responsible for controlling the former two systems, processing the fabric images and calculating the fabric density.
In the experiments, the distance from the lens to the fabric sample is about 20 cm. The calibration result is 273.79 px/in, which means each inch of fabric has a length of 273.79 px in the image. The resolution of the fabric image is 2448 × 2048 px. The camera captures fabric images at a rate of 20 frames per second. And the speed of the slideway can be up to 0.5 m/s. All the setting parameters of the devices are fully qualified for the on-loom detection requirements.
B. FABRIC IMAGES CAPTURE AND PREPROCESSING
First step to detect fabric density is gaining fabric images through the image acquisition system placed above the slideway. However, due to unavoidable image noises and their influence on fabric density detection, it is necessary to preprocess the images to suppress the noises and enhance the image features before detection. The preprocessed images will then enable us to obtain more clear texture structure of fabrics and eventually lead to a more accurate detection result. In our work, the image preprocessing is mainly consists of the three parts: image filtering, contrast enhancement and skew correction.
First of all, the fabric image is required to be filtered to reduce the effect of noise on fabric detection. Due to the requirements for detection efficiency and effect, a smoothing algorithm using anisotropic diffusion is applied in this paper. As an excellent fast edge-preserving filter, this filter can also avoid the halo phenomenon that may occur in general edge-preserving filters [32] - [34] . Next, the contrast of fabric images needs to be enhanced to make the warp and weft more prominent. In this paper, the image enhancement approach using adaptive histogram equalization method which is an efficient contrast algorithm is used in fabric image preprocessing [35] - [37] . Lastly, the skew correction is conducted on the clear fabric images with distinct warp and weft. Nevertheless the actual fabric images inevitably have some deflection on account of production error or natural torsion. Therefore, Hough transform and rotation transform are used to process skew correction in order to make the structure of actual fabric images close to the standard one [38] - [40] . After all these image preprocessing, we have a clear corrected fabric image which can be used for accurate and quick fabric density detection.
C. FABRIC DENSITY DETECTION
After the acquisition and preprocessing of the detected fabric image, the automatic detection method of fabric density will be carried out. According to the foregoing description, the virtual grating is plotted as the same size as the fabric image. The simplest way to superimpose the virtual grating and the fabric image is accumulating the gray value of the corresponding position of the two images. If G 1 (i, j) represents the gray value of any pixel in the grating image and G 2 (i, j) represents the gray value of the pixel at the same position in the fabric image, then the gray value of any pixel in the overlap image can be expressed as:
The moiré pattern resulting from the superposition of the virtual grating and fabric image is shown as Fig.7 . According to the principle of the fabric density detection described above, how to determine the accurate position of centerline of the opening in the moiré pattern corresponding to the actual fabric density f x is the key. It is necessary to perform further image processing.
The grayscale distribution of moiré pattern is shown in Fig.7 and the projection curve can be gained by applying projection algorithm to the pattern. The ''sum of gray value'' in Fig.7 corresponds to the value of the projection curve, which is the sum of gray value of the columns in the moiré pattern. The ''sum of gray value'' in subsequent figures in this paper has the same meaning.
The red line drawn in Fig.7 marks the brightest area in moiré pattern, which corresponds to the characteristic peak of the projection curve pointing precisely to the fabric density scale on the abscissa.
As previously assumed, G(i, j) represents the gray value of pixel (i, j) in the moiré pattern, then the image projection in vertical direction can be completed by (12) [41] :
where G(j) represents the sum of gray value of jth column pixels of the moiré pattern. The one-dimensional wave expressed by G(j) is the result of image projection in vertical direction as shown in Fig.7 .
To gain the fabric density accurately, an automatic image processing method is proposed to determine the characteristic peak position of the projection curve which shown as red line in Fig 7. In general, the overall gray value of the fabric image is uniform due to the regular arrangement of warp and weft. By contrast, since the grating image consists of curves converging from left to right for the sake of the line density increasing from left to right, the grating lines get denser from left to right, which eventually results in an increase in the overall gray value distribution of the grating from left to right. When the two of them superpose each other, the moiré pattern produced has the same overall gray value distribution as the grating image. That's why the projection curve, namely the accumulative gray value in the vertical direction of the moiré pattern, has a tilt trend from left to right along the red line evidently shows in Fig.8 . From the gray distribution of the projection curve above, it is difficult to locate the characteristic peak position of the projection curve accurately by finding the maximum or extreme value. In this paper, the equation of the red line is firstly got by line fitting.
Then calculate the longitudinal distance h which from the point on the projection curve to the trend line, as shown in Fig.8 .
Obviously, the position on the horizontal axis corresponding to the maximum projection value is the position of the characteristic peak. Lastly, by substituting the x-coordinate of the characteristic peak x into (10), the exact fabric density y can be obtained finally.
By above methods, the fabric density can be worked out rapidly and accurately with the assistance of a computer. In summary, all the work of fabric density detection includes the following steps. Firstly, the virtual grating with gradual constant is generated and saved in the computer; Secondly, fabric images are captured and preprocessed; Next, the moiré pattern is obtained by accumulating the gray values of the corresponding position between the grating image and the fabric image; Then, the image projection algorithm is accomplished by accumulating gray values of the moiré pattern in vertical direction; Lastly, by analyzing the projection curve, the density of the fabric is finally determined.
IV. EXPERIMENTS OF FABRIC DENSITY DETECTION
In order to study the effectiveness of the detection method of fabric density based on the digital grating, the experiments are performed to test the accuracy and robustness of this method and the effect of comparison with other methods. 
A. DETECTION EXPERIMENTS OF FABRIC SAMPLES
According to the detection methods introduced in Section III, several kinds of fabric with different color and woven structure are selected to be tested on the system of the fabric density detection based on the virtual grating proposed in the paper. Table 1 shows the images of those fabric samples captured by the image acquisition system. Note that the sample images in Table 1 are just part of the fabric images used in fabric detection for the sake of a better representation of the fabric woven structure.
As seen as in Table 1 , there are two kinds of woven fabric including (a) plain weave fabric and (b) twill fabric. In plain weave fabric, such as terylene rayon fabric, the warp and weft yarns intersect vertically in order. A weft yarn crosses the warp yarns by going over one, and then under the next, the next weft yarn is contrary to its neighbor, and so on.
Therefore the measured values of plain weave fabric comes from the detection system are the actual warp and weft density.
While in twill fabric, such as tencel twill fabric, the weft yarn goes over one or more warp yarns, then under two or more warp yarns and so on. The next weft does the same thing with an offset in vertical direction. As a result of this structure, stripes turn up in twill fabric generally. The 'threads' always seen in twill fabrics are actually stripes rather than warp or weft yarns. Therefore, in twill fabric, the proposed detection method detects stripes instead of warp and weft yarns because the former is clearer than the latter. But after the stripe density being obtained, the warp or weft density need to be calculated from the stripe density according to the woven structure of twill fabric. To illustrate the more general situation, the stripe density is assumed to be f x , then the distance of stripes is 1/f x . Draw a right triangle with 1/f x as the hypotenuse and the warp and weft as the right-angle sides. The length of the right-angle sides is respectively:
where l weft is the length of the right-angle side of the weft, l warp is that of the right-angle side of the warp, and θ is the angle between the stripe and the weft. Assume that there are n warps crossing the right-angle side of the weft and m wefts crossing the angle side of the warp, the spacing of the warp and weft can be gained from:
where d warp is the spacing of the warp, and d weft is the spacing of the weft. The warp and weft density can be obtained by taking the reciprocal of the spacing of the warp and weft.
In sum, the stripe density of twill fabric can be obtained by the proposed detection method. Then substitute the stripe density into the (17) , the warp and weft density of twill fabric can be finally worked out. Fig.9 shows the part of moiré pattern obtained by superimposing the virtual grating image on the test samples of fabric image and their projection curves.
In Fig.9 (a) (b) , terylene rayon fabric and polyester fabric are taken as examples of plain weave fabric for fabric density detection. The measured values in Fig.9 (a) (b) are 36.72 TPI and 66.98 TPI, which are the actual yarn density of tested fabrics. While in Fig.9 (c) (d) , elastane khaki and tencel twill fabric are selected as twill fabric to be tested by the proposed detection method. The detection results in Fig.9 (c) (d) are 25.52 TPI for elastane khaki and 34.08 TPI for tencel twill fabric, which are the stripe densities in fact. According to (17) , the measured values of warp and weft density of elastane khaki are 51.67 TPI and 88.05 TPI, the measured values of warp and weft density of tencel twill fabric are 64.13 TPI and 88.05 TPI.
According to the above measurement method, the detection result of the warp and weft density come from the fabric samples listed in Table 1 are shown in Table 2 .
As shown in Table 2 , 16 kinds of fabric in a plain weave and 16 kinds of fabric in a twill weave are detected for their warp and weft density respectively. The actual values of warp and weft density in Table 2 are gained by manual counting in which the small magnifiers, often called thread counters is used to measure the number of threads per inch of the fabric samples. Comparing the measured value with the actual value, the average relative errors of the detection results of plain weave fabric is 0.22% and the maximum of relative errors is 0.40%. While the average relative errors of the detection results of twill fabric is 0.34% and the maximum of relative errors is 0.75%. The relative errors of twill fabric are higher than that of plain weave fabric overall because of the indirect measurement through the stripe density. Assume that the relative error is e, then the accuracy of the detection method is a =1-e. Both e and a are percentages, within the range of 0% and 100%. Then the accuracy of the proposed detection method is more than 99.2% on the whole.
B. ROBUSTNESS TEST OF THE SYSTEM
Given the differences between fabrics, the color and pattern effects on the accuracy of identification must be taken into consideration. The original fabric images acquired by the image sensor are firstly converted into grayscale images in image preprocessing before detection. First of all, we consider the case where the fabric samples have a single color and the same woven structure. As shown in Fig.10, (a) the fabric sample T-1 and (c) the fabric sample T-2 are respectively green and red tencel twill fabrics. They have the same fabric structure with different overall colors, whose grayscale images (b) and (d) are almost the same. The detection results of the two samples are all 34.09 TPI seen in Fig.11 .
As a conclusion, the fabric images with the same woven structure and different overall colors have approximate grayscale images. The effect of the overall color of fabrics on the accuracy of fabric density detection is small which can be ignored.
Secondly, the effects of the local colors and patterns can be considered together. As shown in Fig.12, (a) camouflage twill fabric which has many different local colors and (c) houndstooth polyester fabric which has lots of houndstooth patterns. VOLUME 7, 2019 As shown in Fig.13 , the moiré patterns can be still found in the superposition of the virtual grating and fabric images in both (a) and (b). However, due to the effects of the local colors and patterns in grayscale distribution of the fabric images, the information of fabric density carried in moiré patterns is disturbed. As a result, it is difficult to find the characteristic peak relative to the fabric density in the projection curves.
In conclusion, local colors and complex patterns have large effects on the projection algorithm, which will eventually cause fabric density detection failure. Thus, how to avoid the influence of local colors and patterns and improve the accuracy of detection will be the focus of future work.
In consideration of the possible effects of noise and acquisition angles on the detection system constructed in this paper, two additional experiments have been performed to test the system response.
First one tests the system response for different amounts of noise. The noise that has the greatest impact on the proposed detection method is salt and pepper noise.
In this experiment, salt and pepper noise with density D was added to the fabric images to test the effect of noise on fabric density detection, which means that D × n random pixels in the fabric image are contaminated by salt and pepper noise where D ranges from 0 to 1 and n denotes the number of all the pixels in this image. When D = 0, there is no noise in the fabric image. While D = 1 means that all the pixels in this image are contaminated by salt and pepper noise. A few gray images with different amounts of salt and pepper noise are shown in Fig.14. As shown in Fig.15 , the detection effect gradually deteriorates as the density of salt and pepper noise increases from 0.1 to 0.7. When the density of noise reaches 0.7, it becomes very difficult to locate the position of the characteristic peak in the projection curve. All the information of fabric density carried in moiré patterns is drowned in noise which makes it impossible to detect the fabric density by image projection. As a consequence, according to the detailed experimental data where the step of noise density D is 0.01, the proposed method can be applied to the detection of fabric images with a noise density below 0.65. For better detection results, image preprocessing such as image filtering and contrast enhancement are also necessary. Second experiment tests the system response for different acquisition angles. In the detection system proposed in this paper, the camera should be positioned directly above the fabric sample with the optical axis perpendicular to the plane of the fabric sample in theory. However, considering the real industrial situation, fabric images acquired at different angles may affect the detection results. In practice, the acquisition angles cannot be greater than 20 • . A great deal of fabric images captured at different acquisition angles from 0 • to 20 • are used to test the robustness of the detection system. Fig.16 shows the fabric images captured at acquisition angles of 5 • , 10 • , 15 • , and 20 • .
As shown in Fig.17 , the detection results the fabric images captured at angles of 5 • , 10 • , 15 • , and 20 • are 25.50 TPI, 25.48 TPI, 25.38 TPI and 25.09 TPI respectively. The relative errors of these detection results get bigger and bigger as the acquisition angle increases. According to the experimental data where the step of acquisition angle is 1 • , when the acquisition angle reaches 17 • , the relative error is more than 0.8% which is bigger than the maximum relative error of the proposed detection method.
For the better robustness of the detection system, the skew correction is taken into consideration in the image preprocessing. The sample images after the skew correction of the fabric images captured at different acquisition angles are shown in Fig.18 .
As shown in Fig.x4, the detection results is all less than 0.1%. As a conclusion, after the skew correction, the fabric images captured at different acquisition angles can be corrected well, the effect of the acquisition angles on the fabric density detection is very small. The system response for different amounts of noise and different acquisition angles is robust and stable. 
C. THE COMPARISON EXPERIMENTS WITH OTHER METHODS
In order to further study the performance of the method proposed in this paper, plenty of detection methods including spatial-domain representative detection algorithms, frequency-domain representative detection algorithm and other detection algorithms are selected to compare with the proposed methods respectively. All the detection methods to be compared run on the same computer system mentioned in Section III and performed by MATLAB. And the fabric samples tested are all from Table 1 with an image size of 2448 × 2048 px and a physical size of 8.94 × 7.48 in.
As seen in Table 3 , Detection Method M-1 is the detection method based on virtual grating proposed in this paper. According to the previous experiment results, it takes less than an average of 1s to detect the fabric density, and its accuracy is over 99.2% on both plain weave fabric and twill fabric. Detection Method M-2 is an efficient inspection method utilizing a novel density-texture formulation based on spatial-domain [13] . Detection Method M-3 is an identification algorithm of plain woven fabric density via feature point extraction in frequency domain [16] . Detection Method M-4 is a high-density detection of woven fabric based on wavelet transform [17] . Detection Method M-5 is a detection algorithm composed of the Fourier transform, feature analysis in the frequency domain and image construction of fabric yarns [19] . Detection Method M-6 is an efficient inspection method based on the structure relation [20] . Detection Method M-7 is an automatical inspection method combining image processing and multiscale wavelet transform [21] . Detection Method M-8 is another automatic density detection of woven fabrics via wavelet transform [22] . All the detection methods to be compared have an accuracy of more than 97%. The proposed method has superior performance among these detection methods in terms of average accuracy. However, the biggest difference is the detection speed. The compared methods take 2-17 s to detect the fabric density each time, which is much slower than the detection method based on virtual grating. As a consequence, compared with other detection methods, the method proposed in this paper has an advantage in detection speed, and also has excellent performance in accuracy. 
V. CONCLUSION
The automatic detection method of fabric density based on virtual grating obviously finds its widest scope for application in the textile industry. The generation method of virtual grating with gradual constant is described in detail, and the detection device for experiments is designed. At the same time, the experimental steps are briefly described. The experimental result shows that the proposed detection method can be applied to the fabric density detection including fabrics in a plain weave and a twill weave. The accuracy of this fabric detection method is more than 99.2%. Compared with other detection methods, the proposed method not only has the advantages of simple detection device, strong applicability, but also can avoid complex image processing algorithms, thus effectively improve the detection speed, which makes it possible to perform real-time fabric density monitoring in fabric production line. However, the method proposed in this paper can only be applied to the fabrics in a plain weave or a twill weave without complex patterns, because the complex pattern in fabrics will affect the gray distribution of moiré pattern, the density information it carries is invalid, so that the projection algorithm cannot locate the centerline of the opening of the moiré pattern through the characteristic peak of the projection curve. And because the effect of the overall color of fabrics on the accuracy of fabric density detection is small which can be ignored, while the local colors and complex patterns have large effects on the projection algorithm, which will eventually cause fabric density detection failure, the proposed method is more suitable for single color fabrics, rather than multi-color fabrics. Also, the usability of this method should be improved to apply to a wider range including satin and other kinds of fabric. Thus, the handling of local colors and complex patterns and the wider application in fabric types will be the next focus in subsequent work. XIN TANG received the bachelor's degree in electronic and information engineering from the Shanghai University of Engineering Science. He is currently pursuing the master's degree in optical engineering with Donghua University. His research interests include optical metrology, image processing, and optical sensors.
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